The production of functional spermatozoa through spermatogenesis requires a spatially and temporally highly regulated gene expression pattern, which in case of alterations, leads to male infertility. Changes of gene expression by chromosome anomalies, gene variants, and epigenetic alterations have been described as the main genetic causes of male infertility. Recent molecular and cytogenetic approaches have revealed that higher order chromosome positioning is essential for basic genome functions, including gene expression. This review addresses this issue by exposing well-founded evidences which support that alterations on the chromosome topology in spermatogenetic cells leads to defective sperm function and could be considered as an additional genetic cause of male infertility.
Spermatogenesis and infertility
Spermatogenesis is a complex and highly regulated process directed toward the efficient production of large numbers of spermatozoa from a renewable spermatogonial stem cell population. This process takes place in the seminiferous tubules of the testis, where spermatogonia proliferate, spermatocytes undergo meiosis, and round spermatids differentiate into spermatozoa. The proper progression of spermatogenesis requires a spatially and temporally regulated gene-expression pattern [1] [2] [3] [4] [5] , which in case of alterations would affect the fertility status of individuals. Expression pattern alterations could arise from different ways. One of the most prominent is genetic alterations such as numerical anomalies of sex chromosomes involved in Klinefelter syndrome [6] , Y-chromosome deletions [7] and pathogenic variants of crucial spermatogenic genes [8] . In this regard, alterations of gene expression profiles during meiosis have been associated with male infertility in several knockout mouse models [9] . Another source of variations has been related to changes of the sperm epigenome. Its analysis has demonstrated that events occurring during spermatogenesis can result in altered epigenetic marks, which generates a footprint of important relevance for early embryonic events [10, 11] . In recent years, alterations of the nuclear chromosomal topology of germ cells and spermatozoa have also been related to male infertility [12] [13] [14] [15] [16] [17] . In this context, studies of the spatial distribution of chromosomes in spermatogenic germ cells and its association to the genome regulation are acquiring great relevance.
In this review, we first provide a general overview of chromosome territories (CTs) focusing on the factors that influence the chromosome positioning and their biological functions. We then address the review of the results of CTs distribution in human spermatogenic cells, specially focusing on the relationship between chromosomal position, gene regulation, and male infertility.
Chromosome territories and influencing organization factors
A basic feature of the nuclear architecture in somatic cells is the spatial organization of chromatin in CTs [18] , which are defined as discrete regions of the nuclei occupied by specific chromosomes. The existence of CTs was predicted at the end of the nineteenth century in interphase nuclei of animal cells [19] . In 1909, Boveri introduced the term of CT based on a study performed on blastomere nuclei of the horse roundworm Parascaris equorum eggs [20] . Seven decades later, Cremer and collaborators experimentally demonstrated the existence of this organization [21] . In Cremer's study, a very narrow laser light was used to induce DNA damage in the cell nucleus. To repair the damaged DNA, cells incorporated radioactively labeled nucleotides present in the culture media. When chromosomes took on a condensed appearance in the next mitotic division, repaired regions (with radioactively labeled nucleotides) were detected by radiography. Interestingly, only a few chromosomes per cell were damaged, which supported the CT model suggested by Rabl [19] .
In the last two decades, the advances in microscopy, FISHbased methodologies, and the development of chromosome conformation capture-on-chip (4C) technology have enabled an accurate analysis of interphase chromosome positioning, providing new evidences for the non-random distribution of chromosomes in somatic nuclei [22] [23] [24] [25] [26] (Fig. 1) . These evidences are based both on relative positioning between different CTs and on its internal organization.
Regarding the relative position of CTs, it has been reported that CTs are commonly arranged according to gene density: gene-rich chromosomes are located nearer the nuclear center while gene-poor ones are preferably located at the periphery [27] [28] [29] [30] [31] (Fig. 1a) . The influence of radial arrangement according to gene density not only accounts for the whole chromosome itself, but also for discrete chromosome regions [29] . Several data indicate that the influence of gene density on the radial nuclear positions of chromosomes has been evolutionary conserved suggesting their important role in the functionality of the nucleus [30, 32] . It has been suggested that this specific nuclear arrangement could enhance gene regulation (expression or repression) by grouping areas with a more potentially active transcription (gene-rich chromosomes) or more transcriptionally silent (gene-poor chromosomes) [33, 34] . proposed that the central location of gene-rich chromosomes may have functional implications in order to coordinate their accessibility to the transcriptional machinery [34] . Despite this, it cannot be ignored that some gene-poor chromosomes can congregate highly active genes compared with other chromosomes with a higher concentration of genes. For instance, the Y-human chromosome, which scarcely has a hundred genes, is highly active during spermatogenesis. Interestingly, most of these genes are congregated in the same chromosome region located at the qarm near the centromere. So, in this particular case, the gene density in a chromosome region probably prevails over the whole chromosome gene density in its positioning.
Another parameter that has often been related with radial chromosome position is chromosome size: large chromosomes are located at the nuclear periphery while small ones located at the center [35, 36] (Fig. 1b) . To explain the chromosome size-dependent distribution of human chromosomes, there exist two biophysical models that act in a complementary way: the mitotic preset model and the volume-exclusion model [35] . Regarding the mitotic model, since mitotic chromosomes are distributed as a wheel-shaped rosette with the centromeres positioned toward inside of the rosette [36] , this allows large chromosomes to extend outward while small chromosomes become restricted in central positions. In fact, several authors have confirmed the central location of small chromosomes on a metaphase plate [37] [38] [39] . In addition, it has been also suggested that this size-dependence positioning would be maintained during G1 interphase [35] . Concerning the volumeexclusion model, as chromosomes have a defined volume and they must be included in the spherical space of the interphase nucleus limited by the nuclear envelope, each chromosome displays a limited ability to re-occupy the primary domain of another different sized chromosome. Therefore, this limitation in chromosome movement preserves the sizedependent distribution observed in mitotic nuclei.
Concerning the internal CTs organization, gene density, transcriptional activity, guanine-cytosine content (GC content), and early/late replication timing have been related to the chromatin spatial organization [18, 40] . The parameters that orchestrate the intra-CT organization have been associated with the optimization of strategies for replication, transcription, repairing, and splicing processes. The interdependence of all these positional determining parameters makes it difficult to dissect their specific weight within a given DNA segment. In this sense, it has been observed that the radial position for specific genes differs significantly between different cell types [41] . On the other hand, Kupper and collaborators (2007) reported that the radial chromatin positioning is shaped by local gene density but not by gene expression [42] . Additionally, the variability of the results about the positioning shift of individual genes toward the nuclear interior upon their transcriptional activation adds more variables to the equation [43] .
Additional features are recognized to also influence the chromosome positioning in the nucleus. For instance, telomeres play a crucial role (Fig. 1c) , as indicated by telomere enrichment at the nuclear periphery. This peripheral enrichment has been described during post-mitotic nuclear assembly and a more internal telomere localization during the rest of the cell cycle [44] . It is well known that the inner membrane of the mammalian nucleus contains an organized network of proteins known as the lamina. This structure is formed by lamins and takes part in the regulation of telomere dynamics and maintenance [45] . It has been observed that the interaction between telomeres and the nuclear envelope is mediated by lamin B1 and the shelterin telomeric repeat-binding factor 1 (TRF1) [44] . The participation of some components of the nuclear envelope in chromosome regulation goes beyond its interaction with telomeres. For instance, interphase chromosome positioning also relies on large domains of chromatin specifically associated with lamina compounds named lamina-associated domains (LAD), which also contribute to stabilizing gene repression [46] . Moreover, extensive interactions between the nuclear pore complex and transcriptional repressed regions or enriched heterochromatin regions have been described in HeLa human cell line [47] . Other chromosome features that influence the CT organization are the nucleolar organizing regions (NORs) [48] which, in humans, are located on the sub-terminal region of the short arms of acrocentric chromosomes (Fig. 1d) . In interphase nucleus, these regions organize the nucleolus, a specialized region involved in ribosomal RNA synthesis and ribosome assembly [49] .
CTs and biological functions
Several authors suggest that nuclear territoriality favors specific interactions between distant genomic regions to activate or repress their transcriptional activities [50, 51] . In some cases, proper gene expression requires the juxtaposition of regulatory elements residing on different chromosomes which promote the chromatin intermingling from different CTs [52, 53] (Fig. 1e) . Chromatin looping and localization of active genes at the interface of different CTs may facilitate loci interaction by forming inter-chromosomal contacts and, ultimately, resulting in changes in expression. Accordingly, a particular CT distribution pattern would facilitate physical interactions between different distal genomic regions that are coordinately regulated. Actually, it has been observed that transcriptional activation of some gene causes its reposition in the territory, looping out and away from the center of its CT [54] [55] [56] [57] . Otherwise, gene-repositioning movements decrease when transcription is inhibited [58] , although this gene reposition does not occur in all cases [43] .
Concerning the modulation of gene position within their corresponding CTs, the state of gene expression also plays an important role [59] [60] [61] . In higher eukaryotes, chromatin fibers are folded into different topologically associated domains (TADs) (Fig. 1f) . These domains are more abundant within a chromosome than across several chromosomes and, interestingly, genes included in a given TAD show a coordinated transcriptional activity [62] . Several authors report TAD disruptions leading to pathological outcomes [reviewed by 62] , which consolidate the role of TADs as functional element. Interestingly, it has been also described that the TADs' organization is similar between different cell types and is highly conserved across species [63] , denoting their biological relevance [62] . The establishment of TADs allows the radial position of genes with regard to their expression and regulation. It has been reported that genes located at the periphery of their CT tend to be transcriptionally active, probably because, in this location, they are more accessible to the transcriptional machinery [64, 65] .
Overall, the parameters that orchestrate chromosome positioning compartmentalize the nucleus in different functional areas. Specifically, regions with transcriptionally active chromatin (belonging to the same or different CTs) would be located in the center of the nucleus to be closer to transcription factors (TF), RNA polymerases, and other transcriptional regulatory elements [66] . In contrast, the transcriptionally inactive chromatin would be located at the periphery of the nucleus, close to intermediate filaments, resident proteins, and the inner nuclear membrane and lamina. Therefore, the nonrandom chromosomal position enables a time-space control of gene transcription and regulation which is indispensable to the functionality of the cell.
Chromosome territories in human spermatogenesis
In view of the functional implications of the chromatin organization in the nucleus, it is not surprising that the nuclear distribution of CTs differs according to the tissue. For instance, Parada and collaborators (2004) described specific chromosome distribution in mouse cells obtained from different tissues [67] . It has also been reported that this nuclear distribution of CTs shows tissue-origin specificity [68] . That is, chromosome relative position is equivalent between lung fibroblast cell lines, but strikingly different in skin-and colonderived human fibroblasts [68] .
Studies of the nuclear architecture in human male germ cells are sparse due to several limitations. One of the most relevant is related with the samples obtaining, since testicular samples from fertile subjects are not easily available and the whole process is ethically challenging. Furthermore, several cell types are present in the human testis (somatic and germ cells at different stages of development) requiring cell-sorting methodologies to obtain enrich cell fractions. Despite this, published data provide enough evidences to support a nonrandom chromosome distribution in spermatogenic cells (Fig. 2) .
Data from mice model have showed that the nuclear architecture of prophase I spermatocytes is determined by the mechanisms of meiotic pairing and recombination [69] (Fig. 2a) . The assembly of synaptonemal complexes keeps the homologous chromosomes in the same nuclear region and their distribution depends on the attachment of the chromosomes to the nuclear envelope, mainly by their telomeric regions. In this context, it is expected that small chromosomes will be retained at the nuclear periphery because these chromosomes are not long enough to invade the central region of the nucleus [69] . In mammalian pachytene cells, including humans, the attachment of chromosomes to the nuclear envelope also affects the position of the nucleolus [70] and the position of the XY pair [71] .
FISH studies in human pachytene nuclei have also shown the preferential proximity between specific groups of bivalents, in particular, the bivalent formed by chromosomes 15 and the XY bivalent [72, 73] . Moreover, FISH studies performed in metaphase I spermatocytes, in which homologous chromosomes still are in pairs, also show preferential proximity between the bivalents 15 and 22 and the pair XY [74] , suggesting that chromosome distribution in the metaphase plate is not random. Taking into consideration that, in these stages (pachytene and metaphase I), chromosomes are paired through their homologous regions, this preferable association between non-homologous chromosomes has been related to a similar sequence identity (e.g., between the heterochromatic regions of the Y-chromosome and acrocentric chromosomes, specifically the non-centromeric heterochromatin of chromosome 15) [75] . A possible consequence of this high-order spatial organization of the genome could be the fact that 70% of the human Y-autosome translocations are produced between the Yq heterochromatin and the short arm of acrocentric chromosomes [76] (specially chromosome 15; 52%) [77] . It is generally assumed that inter-chromosomal translocations result from DNA double-strand breaks repair mechanisms between two different chromosomes positioned next to each other in the nucleus. Additional results also confirm the nonrandom chromosome distribution in metaphase I and demonstrate that this territoriality is influenced by chromosome size, gene density, and acrocentric morphology [78] (Fig. 2b) . Interestingly, the influencing parameters observed in this study [78] are in agreement with the position-determining parameters described in interphase somatic nuclei [27-31, 35, 36, 49] .
Concerning the CTs in human sperm nucleus, a notable number of publications provides evidence that chromosomes are not randomly distributed [12, 15, [79] [80] [81] [82] [83] [84] [85] [86] [87] (Table 1) . Interestingly, the evolutionary conserved, non-random chromosome positioning in mammalian sperm nuclei [88] suggests a functional relevance [89] . In 1995, Zalensky and collaborators [90] hypothesized the hairpin-loop model in which centromere domains were clustered into a single chromocenter positioned in the inner region of sperm nucleus while telomeres were exposed to the nuclear periphery joined into dimers. It appears that the chromocenter plays a fundamental role in sperm nuclear organization and it is involved in proper intranuclear chromosome positioning, with preferred CT localization [91, 92] . Moreover, the association between the pand q-telomeres of the same chromosome implies that they must adopt loop structure [81, 82] , promoting a local and bound position of each chromosome inside the nucleus. From the postulation of this model, several authors have presented supportive data [15, 79-82, 84, 91] (Fig. 2c) . A recent study has redefined the former model showing a more segmented organization of centromeres and telomeres [87, 93] . According to this study, multiple chromocenters would occupy inner and peripheral regions of the nucleus, while telomere dimers would predominantly localize in intermediate, peripheral, and mid regions.
Sperm-FISH studies have also shown that chromosomes present a radial (center versus periphery) and longitudinal (basal versus apical) distribution of CTs along the head-tail axis, describing a non-random CT distribution in the nucleus of male gametes [12, 15, [79] [80] [81] [82] [83] [84] [85] [86] [87] (Table 1) . However, there is great variability between studies, either due to the number of spermatozoa analyzed, the selection of chromosomes studied, the criteria used to establish the radial and longitudinal nucleus segmentation, the type of DNA FISH probes used (centromeric, telomeric, locus-specific, arm-specific, or painting), the use of two-or three-dimensional analysis methodology, or the statistical analysis performed. Therefore, there is still no consensus in the establishment of a CTs model for the human sperm nucleus. From the different variables analyzed in these studies (Table 1) , gene density appears to be the only clear determining factor in sperm nuclear distribution of CTs regarding the radial parameter [83, 85, 86] . That is, gene-rich chromosomes are situated in the interior of the sperm nucleus, while gene-poor chromosomes are associated to the periphery (Fig. 2c) . Interestingly, this observation is in agreement with the chromosome features that determine bivalent positioning in human metaphase I spermatocytes [78] and somatic interphase nuclei [27] [28] [29] [30] [31] .
Although the functionality associated to the chromosome organization of the sperm nucleus is largely unknown, different possibilities have been proposed [87] . This distribution could be required to adopt the particular sperm nuclear morphology, which is essential for the sperm movement within the female reproductive tract. Also, the fact that gene-rich chromosomes are located in the center of the nucleus could be related to protective mechanisms of the paternal genome from DNA damage. Finally, some authors have associated the L: leptotene spermatocytes; Z: zygotene spermatocytes; P: pachytene spermatocytes; Dp: diplotene spermatocytes; Dk: diakinesis spermatocytes reproducible CTs organization of the sperm nucleus with the ordered reactivation of the paternal genome in the zygote [82] .
Alterations of CTs organization in spermatogenesis and infertility
In view of all the data presented, there is no doubt that the nuclear topology in spermatogenic cells and spermatozoa shows a non-random chromosome organizational pattern. In this context, it is not daring to envisage that this specific arrangement is essential for regulating accurate gene expression to allow the proper progression of spermatogenesis and early embryo development.
Regarding the influence of CTs on spermatogenic progression, there is indirect evidence associating an altered chromosome position during spermatogenesis with male infertility [91] . For instance, Finch and collaborators (2008) reported that centromeres of chromosomes X, Y, and 18 occupied a central nuclear location in human spermatozoa from control donors, while sex chromosomes appeared randomly distributed in sperm from infertile men [12] . Altered distribution of chromosomes 15, 18, X, and Y has been observed in sperm from infertile patients with increased aneuploidy frequencies, suggesting a link between sperm chromosome territoriality and chromosome segregation [13] . Interestingly, the territorial organization of bivalents in metaphase I is partially modified by the presence of sex-chromosome univalents in infertile males [17] (a pairing abnormality closely related to the risk of sex-chromosome sperm aneuploidy). Moreover, motile and immotile sperm populations from normozoospermic patients showed dissimilarity in the nuclear position of chromosome 17 and in the formation of the chromocenter, probably denoting defects in the normal chromosomal territoriality [15] . Other authors described modest differences in nuclear organization for centromeric loci when they compared fertile sperm donors and patients with severely compromised semen parameters (oligozoospermia) and high sperm aneuploidy rates [84] . With regard to individuals with altered karyotype, in which male infertility is a common issue [94] , an altered nuclear chromosome positioning has been described in reciprocal translocation carriers [14] . Moreover, data from Robertsonian translocation carriers showed that the territorial positioning of bivalents in metaphase I spermatocytes changed in the presence of this reorganization [16] .
Focusing on the relationship between sperm CTs and embryo development, several authors have suggested that an appropriate organization of sperm chromosomes is crucial for early embryo development, including the formation of the male pronucleus and the position of chromosomes in the first embryonic division [79, 82, 91, 95] . The association between CTs and embryo development goes from basic structural features, such as DNA packaging by protamines (protamination), to the organization of the chromosomes in specific territories. Altered protamination has been associated with altered sperm chromatin packaging and DNA damage [93] , and hence, the production of an altered sperm chromatin environment could affect embryo viability. Although some authors have reported a negligible effect on fertility [96] , there are several studies which report an association between poor protamination and reduced fertilization rate [97] [98] [99] [100] as well as poor embryo quality [97] [98] [99] [100] [101] . This suggests that basic structural features of the sperm chromosomes are crucial to embryo development. Concerning the effect of high order sperm chromosome organization on embryo development, it is well known that, when spermatozoa fertilize the oocyte, the sperm nuclear envelope breaks down and chromosomes interact with ooplasm factors. From this moment, protamines are gradually replaced by oocyte histones and chromatin becomes less condensed [85, 91] . Since this exposure occurs in a stepwise manner rather than simultaneously, the correct organization of the sperm chromatin determines the timing of gradual remodeling of specific regions responsible for gene activation patterns in the early embryo. In other words, chromosomal localization could determine the time at which sperm chromatin domains are decondensed and remodeled, allowing a certain degree of epigenetic control and influencing the subsequent paternal expression of genes in the embryo [88, 91, 102] . Supporting this proposal, it has been suggested that, after intracytoplasmic sperm injection (ICSI) in which sperm chromatin en bloc suddenly invades the oocyte nucleus, there is a delayed decondensation of the sub-acrosomal nuclear region [103] . In this scenario, it has been suggested that the timing of activation of the sex chromosomes, which are apically located in the sperm nucleus, could be affected [103] . This could explain, at least in part, the slightly increased rate of sex chromosomal anomalies reported in children born after ICSI [104] .
Final remarks
& CTs distribution in spermatogenic cells and spermatozoa has been poorly explored. Nevertheless, preliminary data suggest that chromosomes are arranged in a specific manner along the different stages of spermatogenesis. & The non-random distribution of chromosomes along spermatogenesis appears to be essential for germ-cell differentiation and early embryo development. 
